Objective-To address a potential role for p53, Bcl2 associated protein X (Bax), and apoptosis in the processes associated with cell turnover during cystic medial degeneration (CMD) of the aorta. Conclusion-This study shows that the formal pathogenesis of CMD is characterised by p53 accumulation, Bax upregulation, cell death by apoptosis, and cell regeneration. Nevertheless, the precise stimuli of p53 activation and Bax upregulation as well as the role of p53 and apoptosis in the dissection process itself remain elusive. (Heart 1999;82:286-293) 
Thoracic aortic aneurysms and aortic dissection have been reported in association with a variety of predisposing factors, including genetic disorders and hypertension. 1 2 In many cases, the media shows characteristic degenerative changes of vascular smooth muscle cells (VSMCs), the extracellular matrix, and of the elastic tissue called cystic medial degeneration (CMD). CMD is a non-inflammatory, age related, 3 4 non-specific intrinsic reaction pattern of the aortic media, which is typically accompanied by elastin fragmentation, focal fibrosis, accumulation of acid mucopolysaccharides to a variable extent, haphazardly distributed areas with loss of VSMCs, and accumulation of collagen. The focal absence of medial VSMCs without any concomitant inflammation is highly suggestive of cell loss mediated by apoptotic processes.
In contrast to "oncosis" or "accidental cell death", "apoptosis" or "programmed cell death" is an active form of cell death, which is triggered by a large amount of distinct death stimuli, transduced through numerous signalling mechanisms finally leading to the activation of the caspase cascade, which results in a systematic degradation of cellular proteins and DNA. The morphological substrates of this breakdown are chromatin condensation and margination, nuclear fragmentation, and membrane budding. 5 6 Programmed cell death is regulated through diVerent mechanisms including the expression of the members of the Bcl2 protein family consisting of pro-and antiapoptotic peptides interacting with each other by forming homo-and heterodimers. The 21 kD protein of the Bcl2 protein family "Bcl2 associated protein X" (Bax) counteracts the antiapoptotic eVects of several members of this protein family and promotes apoptosis when overexpressed. 7 It has been shown that the protein product of the wild-type tumour suppressor gene p53 (wt p53) may upregulate the transcription of the Bax gene 8 and repress the transcription of the antiapoptotic Bcl2 gene.
regulation of cell cycle checkpoints, 10 cell diVerentiation, 11 in the response to certain cellular stress signals, 12 as well as in the triggering of apoptosis following DNA damage. 13 Also, p53 has been implicated in VSMC apoptosis in vitro 14 and in vivo, 15 16 and in the control of the proliferation of human VSMCs. 16 17 Furthermore, a role for p53 has also been demonstrated in association with wound healing, indicating a significant role for p53 in the processes associated with tissue injury and repair. [18] [19] [20] CMD has been considered as a process of tissue injury and repair following mechanical traumas caused by haemodynamic forces. 3 4 It typically leads to tissue inhomogeneity and thus potentially causes abnormal levels of shear stress acting on the myocytes embedded in the extracellular matrix. 21 Importantly, recent observations indicate that following mechanical stretching of cardiac cells p53 is activated, Bax is upregulated in a p53 dependent fashion, and apoptosis increases. 22 Thus, in order to address a potential role for Bax, p53, and programmed cell death in the processes associated with cell turnover during CMD of the aorta, we assessed the presence and distribution of Bax immunoreactivity (Bax-IR) and p53 immunoreactivity (p53-IR), as well as the presence of apoptosis and tissue regeneration, using histochemical, immunohistochemical, biochemical, and morphometric methods.
Methods

TISSUE SPECIMENS
Full thickness aortic wall specimens from 20 patients (three female, 17 male; mean (SD) age 49.37 (18.03) years) with spontaneous aortic rupture and without phenotypic characteristics of any of the known genetic disorders, such as Marfan's disease, were obtained after surgery. The plane of dissection was invariably located in the outer third of the media. Control experiments were performed by staining punch biopsies of the ascending aorta from 10 patients (three female, seven male; mean age 58.7 (5.39) years) undergoing aortocoronary bypass surgery. The specimens were fixed in 4% unbuVered formalin, embedded in paraYn, and then prepared according to standard methods. Serial sections were stained with haematoxylin and eosin (H&E), elastica van Gieson, and alcian blue for the detection of acid mucopolysaccharides, and used for histochemistry and immunohistochemistry. For biochemical DNA fragmentation analysis, aortic tissue from a patient undergoing resection of an aneurysm of the ascending aorta without dissection as well as without any visible atherosclerotic lesions, and from a control patient without aortic disease, were snap frozen in liquid nitrogen.
TUNEL
Terminal deoxynucleotidyl transferase (TdT) mediated dUTP-biotin nick end labeling (TUNEL) for detecting DNA breaks in situ was performed essentially as described by Kockx. 23 In brief, after the quenching of endogenous peroxidase, sections were rinsed in TdT buVer (30 mM TRIS, 140 mM sodium cacodylate, 1 mM cobalt chloride) at pH 7.2 and incubated with 0.3 eu/ml TdT (Sigma, München, Germany) and biotinylated-dUTP (1:200, Boehringer, Mannheim, Germany) in TdT buVer for 60 minutes at 37°C. Labelled nuclei were detected with Vectastain ABC (Vector Labs, Burlingame, California, USA) and peroxidase activity was visualised by 3-amino-9-ethylcarbazole (AEC) to yield a reddish brown reaction product. The sections were lightly counterstained with haematoxylin. As a positive control, tissue sections of follicular hyperplasia of the appendix were used and gave the expected positive staining by TUNEL of tingible bodies in the germinal centres. To identify VSMCs and cells expressing ASP/cjun showing a positive TUNEL stain, double labeling was performed with an anti--actin antibody (HHF 35, DAKO, Hamburg, Germany) and the anti-ASP/c-jun antibody (see below). In brief, TUNEL staining was performed using the above described method visualising peroxidase activity with AEC which resulted in a reddish brown staining. In a second staining procedure, immunohistochemistry was performed using the three step APAAP method. Activity of alkaline phosphatase was visualised with naphthol AS-MX phosphate (Sigma) and fast blue BB salt (Sigma) substrate solution which resulted in a blue staining. Endogenous alkaline phosphatase was blocked by adding 0.01 ml of 1 M levamisole to the substrate solution. The presence of both reaction products was identified by a distinctly separate brown staining of the nucleus and a dark blue staining of the cytoplasm.
IMMUNOHISTOCHEMISTRY
Immunohistochemistry was performed using either a modified three step avidin-biotin complex method as previously described 16 17 or the indirect tyramide signal amplification (DuPont, Boston, Massachusetts, USA p53) according to the manufacturer's instructions. The slides were incubated with primary antibodies directed against smooth muscle -actin (dilution 1:600; HHF 35, DAKO), p53 (clone DO 1, dilution 1:250, Oncogene Science Cambridge, USA) recognising both wild type as well as the mutant p53 protein, MIB1/Ki-67 (monoclonal, 1:50, Dianova Hamburg, Germany), Bax (polyclonal,1:100, DAKO), and ASP/c-jun (Ab 2, dilution 1:10, Oncogene Science) against a synthetic peptide corresponding to residues 73-87 of v-jun for visualisation of apoptotic cells by detecting a cytoplasmic apoptosis specific protein (ASP), 24 respectively. For immunostaining antigens were either unmasked by pressure cooking in 10 mmol citric acid, pH 6 for five minutes (p53, MIB1/Ki-67, Bax) or by partial digestion with proteinase K for five minutes (ASP/c-jun). As a positive control for p53 and smooth muscle -actin staining we used sections from a follicular hyperplasia of a tonsil with a well known immunoreactivity for the antigens, and as a positive control for Bax and ASP/c-jun we stained human atherosclerotic carotid plaques where c-jun staining and Bax staining is abundant. 25 26 Negative control experiments were performed by replacing the primary antibodies with preimmune serum of the corresponding species (mouse, rabbit). Peroxidase activity was visualised by 3-amino-9-ethylcarbazole (AEC, Sigma) to yield a reddish brown reaction product. The nuclei were lightly counterstained with haematoxylin. Double labeling to identify smooth muscle cells with p53 accumulation and MIB1/Ki-67 expression as well as medial cells with coexpression of p53 and Bax was performed combining the ABC method and the APAAP method as previously described. 16 Briefly, the labeling procedure was as follows. First, p53 or MIB1/Ki-67 staining was performed using one of the above described ABC methods visualising peroxidase activity with AEC or 3,3'-diaminobenzidine which resulted in a reddish brown or dark brown staining. After thorough washing, in a second staining procedure, -actin staining or Bax staining was performed using the three step APAAP method. Activity of alkaline phosphatase was visualised with naphthol AS-MX phosphate and fast blue BB salt or fast red TR salt (Sigma). The presence of both antigens was identified by a distinctly separate reddish brown (MIB1/Ki-67) or dark brown (p53) staining of the nuclei and blue ( -actin) or red (Bax) staining of the cytoplasm.
HISTOLOGICAL ANALYSIS
The specimens were analysed by light microscopy for the presence and localisation of antibody mediated and terminal transferase mediated staining. Comparative examination of serial sections and double labeling permitted the assessment of colocalisation of p53 positive cells with cytoplasmic staining for -actin as well as for MIB1 positive cells with cytoplasmic staining for -actin.
MORPHOMETRIC ANALYSIS AND STATISTICAL
METHODS
To study the total cell numbers per high power field, and to study quantitatively the distribution of cells with p53 accumulation, MIB1/Ki-67, Bax and c-jun/ASP expression and TUNEL positive nuclei adjacent sections from all 20 cases were evaluated. Using a morphometric software (analySIS, Softimaging Software), five random microscopic high power fields of the media at a distance from the dissection plane (at least five high power fields = 12.5 mm) at × 400 were analysed, scoring at least 500 cells as positive or negative for antibody mediated or terminal transferase mediated staining. All data are reported as mean (SD). The Mann-Whitney U test was employed for comparison of the aortic tissue showing mucoid degeneration with the controls.
Figure 1 (A) Low power magnification from a p53 stained section of a segment of a human aorta with CMD. Shown is an area at some distance from the dissection plane with only minor degrees of structural changes. There are numerous nuclei in a haphazard distribution displaying a positive staining for p53 (brown reaction product in the nuclei). (B) Higher power magnification of the region which is marked by an arrow on A. Note the p53 positive nucleus indicated by the arrow displays the typical nuclear morphology of apoptosis-for example, chromatin condensation and fragmentation. (C) Low power magnification of a p53 stained section of a segment of a human aorta with CMD showing the plane of dissection (upper half) and its immediate vicinity (lower half). There are numerous p53 positive nuclei in a homogenous distribution. Inset: double immunostaining for p53 (brown reaction product, ABC method) and -actin (blue reaction product, APAAP method) showing a medial VSMC with nuclear p53 accumulation. (D) Low power magnification of a TUNEL stained section of a segment of a human aorta with CMD showing the plane of dissection (right side). There are numerous nuclear fragments exhibiting a positive TUNEL stain located in the immediate vicinity of the dissection plane.
DNA ISOLATION AND DNA FRAGMENTATION
ANALYSIS
The frozen tissue was immersed in a mortar with liquid nitrogen and ground with a pestle. Then, the frozen tissue powder was dissolved in 1 ml of lysis buVer (5 mM TRIS-HCl, pH 8.0; 20 mM EDTA; 0.5% Triton-X 100), lysed on ice for 30 minutes and subsequently incubated with 5 mg/ml RNase A at 37°C for 30 minutes followed by a further incubation with 0.5 mg/ ml proteinase K and 0.1% sodium dodecylsulfate at 65°C for two hours. After phenol/ chloroform extraction, DNA was precipitated with 70% isopropanol and 0.1 M sodium chloride. The resulting pellet was resolved in TE buVer (10 mM Tris-HCl, pH 8.0; 1 mM EDTA). Then, 5 mg DNA was treated with 5 U of Klenow polymerase using 0.5 mCi of [ 32 P]labelled dCTP in the presence of 10 mM Tris-HCl, pH 7.5 and 5 mM magnesium chloride for 10 minutes. The reaction was stopped by adding 10 mM EDTA, and the unincorporated nucleotides were removed by Sephadex G-50 columns (Pharmacia, Freiburg, Germany). DNA electrophoresis was carried out in a 1.8% agarose gel (three hours at 90 V) containing 1 mg/mL ethidium bromide. Then DNA was transferred to nitrocellulose Hybond N+ (Amersham, Braunschweig, Germany) and DNA fragments were visualised by exposing the membrane to radiographic film. ELECTRON 
MICROSCOPY
Tissue samples were taken from an aortic specimen derived from a patient with an aneurysm of the ascending aorta without dissection. The presence of CMD and absence of atherosclerotic changes was confirmed by macroscopic examination and light microscopy. Then, 1 mm cubes were fixed at room temperature in 3.5% glutaraldehyde in 0.1 mol/L cacodylate buVer, washed in cacodylate buVer, dehydrated through graded ethanols and propyleneoxide, postfixed in 1% osmium tetroxide, and embedded in epoxy resin. Thin sections were cut on a diamond knife and double stained with uranyl acetate and lead citrate before examination in a Philips 400 electron microscope.
Results
HISTOLOGY
All 20 tissue specimens showed the typical histopathological features of CMD in varying proportions and irregular patchy distribution. Lesion severity was classified according to the scheme of Schlattmann and Becker. 27 with only a minor degree of inflammatory activity, and without prominent atherosclerosis related alterations of the media beneath, were present in 13/20 cases. In the control tissue, we found mucoid CMD of grade I in 7/10 specimens, focal medial fibrosis with loss of nuclei in 1/10 specimens, atherosclerotic lesions of the type Starry I-II in 5/10 cases, and intimal fibrosis in 2/10 specimens, whereas two specimens did not show any morphological alterations.
p53 IMMUNOHISTOCHEMISTRY
Immunohistochemical staining disclosed evidence for p53 staining in 20/20 specimens. In the regions of the media which were not aVected by the dissection (fig 1A, B) , VSMCs ( -actin positive, fig 1C, inset) with nuclear p53 accumulation were distributed in a haphazard fashion. Furthermore, p53 positive mesenchymal cells (vimentin positive) were present in the regions surrounding the vasa vasorum. In addition, we found p53 positive medial VSMCs with the typical nuclear morphology of apoptosis-for example, chromatin condensation and fragmentation ( fig 1A,  B, arrows) . In contrast, in the immediate vicinity of the dissection plane p53 positive cells occurred in a homogenous distribution ( fig  1C) . The intensity of p53 staining varied considerably. However, most of the nuclei displayed a distinct and finely granular brown staining, which is a sign of p53 accumulation. Quantitative analysis revealed that 26.1 (11.5)% of the medial cells exhibited nuclear accumulation of p53, whereas in the control group p53 staining was restricted to 0.8 ( fig 1D) . Furthermore, as confirmed by double labeling, at some distance of the dissection plane small TUNEL positive ( -actin negative) particles (fig 2) and TUNEL positive VSMCs were detected ( -actin positive, inset fig 3) in the vicinity of the characteristic small cystic spaces and the spaces around the vasa vasorum (1 (1.5)% of the cells, controls 0%, p < 0.00l). To obtain biochemical evidence for apoptosis of VSMCs, we isolated genomic DNA from an aortic specimen derived from a patient with an aneurysm of the ascending aorta with CMD ( fig  4B) , in the absence of atherosclerosis as confirmed by histology, and analysed the size of the DNA fragments by agarose gel electrophoresis. After electrophoresis, we observed oligonucleosomal DNA fragments at about 180 bp or multiples indicating cell death by apoptosis ( fig 5, lane 2) . In contrast, the histopathological alterations of CMD or oligonucleosomal DNA fragments were not observed in the control tissue ( fig 4A, fig 5, lane  1) . Furthermore, we demonstrated the presence of VSMC meeting the ultrastructural criteria of apoptosis-that is, margination and condensation of chromatin, membrane blebbing, and a convoluted cell surface (fig 6B) , as well as the presence of numerous extracellular membrane bound apoptotic bodies containing nuclear remnants ( fig 6C) . 8 asterisks ), but to a far lesser extent in scattered cells in the media (fig 8, arrows) and around the cystic spaces. As confirmed by double immunolabeling, these cells were either -actin positive smooth muscle cells or -actin negative/vimentin positive mesenchymal cells. MIB1/Ki-67-IR indicating proliferative activity was identified in all 20 specimens in 2.5 (2.8)% of the cells, whereas in the control group MIB1/Ki-67-IR was present in 0.3 (0.9)% (p < 0.001). Interestingly, despite the focal disappearance of nuclei, the average cell numbers per high power field in the aortic tissue with CMD were higher than those in the control tissue (125 (55); controls 79 (31), p < 0.001)
Discussion
Apoptosis is a selective process of physiological cell deletion, also known as programmed cell death. 28 29 Programmed cell death is a genetically controlled response of individual cells that are no longer needed, to commit suicide. It generally involves changes in the expression of proapoptotic and antiapoptotic genes and gene products including both the tumour suppressor gene p53 as well as the proapoptotic protein of the Bcl2 family Bax. 7 13 Recent studies suggest that impaired regulation of apoptosis plays a pivotal role in the pathogenesis of both neoplastic and degenerative diseases including cardiovascular disorders. [30] [31] [32] CMD is a degenerative disease of the aortic media characterised by profound changes in the extracellular matrix leading to structural inhomogeneity, enhanced circumferential wall stress and shear stress, 21 aneurysm formation, and focal loss of VSMCs. 2 However, little is known about the cellular reactions during CMD. The present study was designed to evaluate the hypothesis that p53 accumulation, Bax upregulation, programmed cell death, and tissue repair processes are involved in the mechanisms underlying CMD of the aorta. Our results show for the first time that CMD is characterised by the presence of significant numbers of medial VSMCs with nuclear p53 accumulation, cytoplasmic Bax expression, and signs of apoptosis. In addition, as shown by MIB1/Ki-67 33 expression, we have found significant numbers of medial VSMCs which were in the late G1 or more advanced stages of the cell cycle together with a significantly higher cell count per high power field, indicating that at least a proportion of the MIB1/Ki-67 positive cells in fact proliferate. Therefore, the results of the present study show that CMD bears characteristics of a "response to injury process".
Apoptosis of smooth muscle cells was confirmed by several independent complementary techniques including TUNEL labeling, biochemical DNA fragmentation analysis, electron microscopy, and ASP/c-jun staining. In the absence of any inflammation, we observed scattered TUNEL positive and ASP/c-jun positive apoptotic smooth muscle cells in the vicinity of the morphologically characteristic mucopolysaccharide filled small pseudocysts and the areas surrounding the vasa vasorum, which is a crucial feature of programmed cell death, because it permits cell removal without damage to adjacent cells. 5 6 Since apoptosis, once initiated, is a very quick process, the overall level of apoptosis in tissue sections can only be roughly quantified. However, in the present study, the number of apoptotic cells was 1.01% of the medial smooth muscle cells.
Most TUNEL positive, ASP/c-jun positive, p53 positive, and Bax positive cells were located in a homogeneous distribution in the immediate vicinity of the dissection plane, whereas the distribution of these cells in the areas which were not aVected by the dissection was random and patchy. This may give rise to the assumption that apoptotic mechanisms underlie the dissection process. However, as we do not know the exact time course of the dissection-be it acute, subacute, or chronicthe demonstration of cells with p53 accumulation, Bax expression, and with signs of apoptosis in the region around the plane of dissection may be the morphological substrate of a reactive process caused by a sublethal injury of cells by the dissection itself.
The morphological alterations of CMD are considered to be non-specific, occurring during the normal aging of the aorta. 3 4 Nevertheless, these changes are more widespread in patients with an altered haemodynamic profile. 4 They encompass degeneration of the extracellular matrix and destruction of the elastic fibre system, which can no longer absorb the mechanical forces imposed on the tissue during systole. This probably leads to the occurrence of considerable shear forces acting on the medial VSMCs and may predispose to dissection. 21 34 CMD may thus be regarded as an in vivo model to study the eVects of enhanced mechanical forces on medial VSMCs. Therefore, confirming recent in vitro observations about the eVects of stretch mediated reactions on cardiac myocyte and nonmyocyte cells, 22 35 36 the demonstration of medial VSMCs with p53 accumulation, Bax expression, and cytoplasmic staining for ASP/ c-jun, as well as apoptotic cells mainly in regions with uneven distribution of circumferential wall stress (for example, the vicinity of cystic spaces and the regions around the vasa vasorum), may indicate that mechanical stress may be a possible cause of p53 accumulation, Bax upregulation and/or apoptosis of VSMCs during CMD. However, the precise mechanisms of the upregulation of both proapoptotic proteins still remain elusive. In addition, the profound disturbances in the local environment of the medial VSMCs in the tissue with CMD (for example, the destruction of the extracellular matrix) may also play an important role in the regulation of apoptosis and influence cellular regeneration during CMD. 37 38 We observed p53 positive/Bax positive cells with VSMC like morphology giving rise to the assumption that in a part of the p53 positive cells the Bax gene is transactivated by p53. However, the colocalisation of both proteins does not prove a cause and eVect relation. In addition, the detection of p53 negative/Bax positive cells may indicate that Bax expression occurs also independently from p53.
Moreover, we have found p53 accumulation and Bax expression in a very small number of medial smooth muscle cells in the control tissue which exhibited at the same time minor degrees of CMD. In contrast, in the aortic tissue from patients with higher degrees of CMD, p53 as well as Bax staining were widespread in a patchy and irregular distribution, indicating that p53 accumulation and Bax expression not only correlate with the severity of CMD but may rather be a reactive phenomenon during CMD.
We have found cell death rates of about 1% of the total cell number in the specimens with CMD. On the other hand, the total cell numbers in the tissue with CMD were significantly higher compared to those of the control tissue. Thus, we may safely assume that in the tissue with CMD there must be a certain degree of cell proliferation. This may be indicative of an ongoing disorganised regeneration process leading to the formation of a disorderly arranged medial tissue with reduced functional properties.
Finally, it has recently been shown that p53, Bax, and programmed cell death are involved in the regulation of cell turnover in human carotid atherosclerotic plaques and in human aortic atherosclerotic abdominal aneurysms with chronic inflammation. 15 26 The results of our study go considerably beyond these previous observations by showing that p53, Bax, and programmed cell death also play a significant role during CMD of the aorta which is, in contrast to atherosclerosis, an entirely noninflammatory and degenerative disease of the aorta with a completely diVerent pathogenetic background.
In conclusion, we have shown that the formal pathogenesis of CMD of the aorta is characterised by p53 accumulation, Bax upregulation, cell death by apoptosis, and tissue repair and, therefore, exhibits features of a response to injury process as already stated earlier by Schlattmann and Becker. 3 4 However, the precise mechanisms of p53 and Bax upregulation as well as the role of p53 and apoptosis in the dissection process itself remain elusive. Updated information and services can be found at:
These include:
